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How to measure cluster masses 
with Planck? 

Planck SZ 

XMM-Newton + Planck SZ 

Planck Collab. 13 XXIX 

189 confirmed clusters at SZ S/N>7; 184 with spectroscopic redshifts. 
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Confirmation of strong bias by 
von der Linden et al. (2014) 
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Cluster temperatures  from 
different instruments inconsistent 
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Inconsistent cluster temperatures:  
Effect on cosmology 

7 Schellenberger+14 



The 400d X-ray cluster survey 

•  Serendipitous cluster detections in all 

suited Rosat/PSPC pointings (~400 

deg2): Burenin+07 

•  Chandra analysis, mass determination 

for cosmo-subsample of 36 X-ray 

luminous clusters z>0.35: Vikhlinin+09a 

•  Constraints of cosmological parameters 

comparing cosmo-subsample mass 

function to local clusters: Vikhlinin+09b 
Chandra image of  
CL J0230+1836,  
z=0.80 (Vikhlinin+09a) 
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The 400d Weak Lensing Survey 

Weak lensing masses for first 8 clusters: HI+10,12 
Towards completion: see poster by A. Doria & Z. Shafiee 9 



Hydrostatic mass bias 

HI+14 10 

Direct calculation of   
hydrostatic mass profile 
Vikhlinin+09a Chandra 
TX and density profiles, 
assuming Reiprich+13 
temperature profile 
	  



XMM hydro masses ~20% lower 
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Table 1. Observed mass bias in the I14 sample, for several choices of X-ray masses. Columns 2 and 3 give the slope P and intercept Q

of the general best-fit relation (Eq. 4) between Chandra and XMM-Newton masses. Column 4 shows the X-ray calibration bias, i.e. the

mean and standard error of hMxmm
500 /MCXO,I14

500 i. Columns 5 and 6 show the apparent bias with respect to the I14 WL masses, averaged

over jackknifed Monte Carlo simulations for all clusters (blog=hlogMxmm
500 �logMCXO,I14

500 i) and for the Mwl
500>1014.5 M� bin (blog,H).

Hydrostatic mass P Q 1�bxcallin blog blog,H

MCXO
500 from I14 1 0 1 0.00+0.14

�0.13 �0.10+0.17
�0.15

Mxmm
500 , (ACIS–comb. XMM + timestamps) 0.791± 0.030 0.067± 0.071 0.82± 0.01 �0.08+0.15

�0.13 �0.20+0.17
�0.16

Mxmm
500 (ACIS–combined XMM) 0.837± 0.012 0.064± 0.024 0.86± 0.01 �0.06+0.15

�0.13 �0.17+0.17
�0.15

Figure 1. Cluster mass estimates Mxmm
500 derived from pseudo-

XMM-Newton temperatures and assuming hydrostatic equilib-
rium as a function of I14 masses MCXO

500 derived from ICM tem-
peratures observed by Chandra. Error bars inscribed in the sym-
bols denote the uncertainty in Mxmm

500 due to the uncertainties
in the ACIS–combined XMM and timestamp conversions. Please
note that for illustrative purposes, the timestamp correction is
not applied to the MCXO

500 , but its inverse to the Mxmm
500 . The

solid line solid line marks the linear best fit. A dashed line marks
the best-fit relation when the di↵erent Chandra calibration time-
stamps are not taken into account. For the latter case, data points
are not shown for the sake of clarity.

2.4 Stronger WL mass bias for
pseudo-XMM-Newton masses

Figure 2 shows the measured bias between the WL masses
Mwl

500 (Israel et al. 2012) and Mxmm
500 (including timestamp

correction) for the I14 clusters. The bias is measured by aver-
aging hlogMxmm�logMwli over a suite of jackknifed Monte
Carlo simulations: As in I14, cluster masses are drawn from
their respective probability distributions, modelled as Gaus-
sians described by their 1� uncertainties. In turn, one cluster
out of eight is omitted for 105 realisations. This method ac-
counts for correlation between the mass estimates and for
extra uncertainty due to the small number of clusters. The
results are shown in Table 1 and indicated by a dashed line
and shading for the 1� interval in Fig. 2. Dashed lines and

Figure 2. Ratio between the pseudo-XMM-Newton hydrostatic
mass Mxmm

500 , with timestamp correction, and the I14 WL mass
Mwl

500 as a function of Mwl
500. Short-dashed lines and light grey

shading denote the logarithmic bias blog= hlogMxmm�logMwli
obtained from averaging over Monte Carlo realisations including
the jackknife test. We also show blog for the low-Mwl and high-
Mwl clusters separately, with the 1� uncertainties presented as
boxes, for sake of clarity. As a visual aid, a dot-dashed line de-
picts the Monte Carlo/jackknife best-fit of log (Mxmm/Mwl) as a
function of Mwl. Empty symbols and the triple-dot-dashed line
denote the MCXO

500 case from I14. Compare to Fig. 2A in I14.

boxes at Mwl
500 6 1014.5 M� and Mwl

500 > 1014.5 M� show the
bias for the thus defined low- and high-mass sub-samples.

For the eight clusters, we now find a pronounced bias of
blog=�0.08+0.15

�0.13, compared to blog=0.00+0.14
�0.13 from Chandra

in I14. For the low-mass sub-sample, hydrostatic masses just
slightly exceed WL masses (blog = 0.02+0.22

�0.18); while for the
high-mass sub-sample, we measure blog = �0.20+0.17

�0.16, i.e.
Mxmm

500 that are smaller than WL masses by a similar amount
as the MPl of vdL14 (cf. Fig. 2).

The mass-dependent bias found in I14 persists, which
is unsurprising given the small sample size and narrow TX

range. Its likely cause is a combination of physical e↵ects,
e.g., stronger hydrostatic bias for high-mass clusters (Shi &
Komatsu 2014) or di↵erent physical processes at work in
low-mass clusters (I14), and Eddington bias. As Sereno &

c� 2014 RAS, MNRAS 000, 1–7



A stronger hydro mass bias 
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Table 1. Observed mass bias in the I14 sample, for several choices of X-ray masses. Columns 2 and 3 give the slope P and intercept Q

of the general best-fit relation (Eq. 4) between Chandra and XMM-Newton masses. Column 4 shows the X-ray calibration bias, i.e. the

mean and standard error of hMxmm
500 /MCXO,I14

500 i. Columns 5 and 6 show the apparent bias with respect to the I14 WL masses, averaged

over jackknifed Monte Carlo simulations for all clusters (blog=hlogMxmm
500 �logMCXO,I14

500 i) and for the Mwl
500>1014.5 M� bin (blog,H).
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Figure 1. Cluster mass estimates Mxmm
500 derived from pseudo-

XMM-Newton temperatures and assuming hydrostatic equilib-
rium as a function of I14 masses MCXO

500 derived from ICM tem-
peratures observed by Chandra. Error bars inscribed in the sym-
bols denote the uncertainty in Mxmm

500 due to the uncertainties
in the ACIS–combined XMM and timestamp conversions. Please
note that for illustrative purposes, the timestamp correction is
not applied to the MCXO

500 , but its inverse to the Mxmm
500 . The

solid line solid line marks the linear best fit. A dashed line marks
the best-fit relation when the di↵erent Chandra calibration time-
stamps are not taken into account. For the latter case, data points
are not shown for the sake of clarity.

2.4 Stronger WL mass bias for
pseudo-XMM-Newton masses

Figure 2 shows the measured bias between the WL masses
Mwl

500 (Israel et al. 2012) and Mxmm
500 (including timestamp

correction) for the I14 clusters. The bias is measured by aver-
aging hlogMxmm�logMwli over a suite of jackknifed Monte
Carlo simulations: As in I14, cluster masses are drawn from
their respective probability distributions, modelled as Gaus-
sians described by their 1� uncertainties. In turn, one cluster
out of eight is omitted for 105 realisations. This method ac-
counts for correlation between the mass estimates and for
extra uncertainty due to the small number of clusters. The
results are shown in Table 1 and indicated by a dashed line
and shading for the 1� interval in Fig. 2. Dashed lines and

Figure 2. Ratio between the pseudo-XMM-Newton hydrostatic
mass Mxmm

500 , with timestamp correction, and the I14 WL mass
Mwl

500 as a function of Mwl
500. Short-dashed lines and light grey

shading denote the logarithmic bias blog= hlogMxmm�logMwli
obtained from averaging over Monte Carlo realisations including
the jackknife test. We also show blog for the low-Mwl and high-
Mwl clusters separately, with the 1� uncertainties presented as
boxes, for sake of clarity. As a visual aid, a dot-dashed line de-
picts the Monte Carlo/jackknife best-fit of log (Mxmm/Mwl) as a
function of Mwl. Empty symbols and the triple-dot-dashed line
denote the MCXO

500 case from I14. Compare to Fig. 2A in I14.

boxes at Mwl
500 6 1014.5 M� and Mwl

500 > 1014.5 M� show the
bias for the thus defined low- and high-mass sub-samples.

For the eight clusters, we now find a pronounced bias of
blog=�0.08+0.15

�0.13, compared to blog=0.00+0.14
�0.13 from Chandra

in I14. For the low-mass sub-sample, hydrostatic masses just
slightly exceed WL masses (blog = 0.02+0.22

�0.18); while for the
high-mass sub-sample, we measure blog = �0.20+0.17

�0.16, i.e.
Mxmm

500 that are smaller than WL masses by a similar amount
as the MPl of vdL14 (cf. Fig. 2).

The mass-dependent bias found in I14 persists, which
is unsurprising given the small sample size and narrow TX

range. Its likely cause is a combination of physical e↵ects,
e.g., stronger hydrostatic bias for high-mass clusters (Shi &
Komatsu 2014) or di↵erent physical processes at work in
low-mass clusters (I14), and Eddington bias. As Sereno &

c� 2014 RAS, MNRAS 000, 1–7
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Amplification of TX bias 

Cluster mass bias from Chandra, XMM, & Planck 5

Ettori (2014) demonstrate, intrinsic scatter in the abscissa
mass leads to a mass-dependent bias when compared to an
independent mass observable.

We repeat our analysis excluding the Chandra time-
stamp variations (Sect. 2.3) and arrive at a lower apparent
bias compared to including them: blog = �0.06+0.15

�0.13 (Ta-
ble 1). The di↵erence between those two cases may serve
as an estimate for the systematic uncertainties in the obser-
vatory conversions.

Considering the full mass range, the XMM-Newton hy-
drostatic masses are ⇠ 20 % lower than the WL masses,
while Chandra masses are consistent with the WL masses.
This indicates that if the blin = 0.2 linear hydrostatic bias
in cluster simulations is correct, the e↵ective area calibra-
tion of XMM-Newton is consistent with being correct. But
if looking at the high mass end, the conclusion is the oppo-
site: Chandra is consistent with the correct calibration and
20 % hydro bias. The measurement uncertainties and the
unknown amount of Eddington bias in our small sample,
however, preclude more quantitative conclusions.

3 TRANSLATION TO PLANCK CLUSTERS

3.1 Comparison to Planck and vdL14 samples

The mean WL mass of the I14 clusters is 3.2 · 1014 M�,
while the mean WL mass of the high-mass sub-sample is
4.9 · 1014 M�. The typical P13XX cluster mass, defined by
their mass pivot ⇠ 6 · 1014 M�, falls into the mass range
probed by the I14 high-Mwl range, even although the mass
bias is not included. Therefore, for the relevant P13XX
mass range,our result of blog,H = 0.20+0.17

�0.16 agrees with the
1�blin ⇡ 0.4 that would reconcile cosmological constraints
derived from Planck cluster counts (P13XX) and primary
CMB anisotropies (P13XVI).

The high-mass end of the I14 sample also overlaps with
the vdL14 sample. Using the Mxmm

500 for the I14 clusters in-
stead of Chandra masses, we also find better agreement to
the vdL14 measurement of hMPl/Mwli = 0.688 ± 0.072 for
a subset of P13XX clusters. However, such comparisons are
limited by the small number statistics of our sample, hence
caution is necessary when interpreting these results.2

A first complication is that it has not been made pub-
lic which XMM-Newton instruments were considered in the
P13XXIX calibration. Another complication arises from the
temporal variability of X-ray calibrations. Our results for the
cases with and without timestamp correction (Table 1) tell
us, however, that the impact of those systematics is rather
small, with �blin.0.05.

3.2 How much can X-ray calibration bias have
influenced the P13XX results?

We attempt to estimate how an additional bias bxcallin arising
from the XMM-Newton calibration relative to Chandra will

2 The di↵erence in cosmologies between P13XX and vdL14 on
the one hand (flat universe with matter density ⌦m = 0.3 and
Hubble parameter H0=70 km s�1 Mpc�1) and I14 and this work
the other hand (the same, but H0 = 72 km s�1 Mpc�1) adds a
factor of 70/72 to convert Planck masses to our cosmology.

influence the overall bias measured by P13XX. We empha-
sise that we do not know or assume which, if any, satellite
calibration is correct. The “pre-calibration” from 20 relaxed
clusters (Arnaud et al. 2010) determines the normalisation
10B and slope � of a scaling relation

E�2/3(z)


YX

2 · 1014 M� keV

�
= 10B ·


MHE

500

6 · 1014 M�

��

(5)

between the YX and hydrostatic masses MHE
500 measured with

XMM-Newton. The evolution factor E(z) =H(z)/H(z=0)
depends on cosmology via the Hubble parameter H(z).

In Eq. (5), MHE
500 scales roughly as T 3/2

X (e.g., Kay et al.
2012), through the measurement at r500. If q=TXMM/TCXO

for the typical Arnaud et al. (2010) cluster, hydrostatic
masses are biased MHE

500 ! q�MHE
500, with � ⇡ 1.5. Similarly,

YX depends on TX via the measurement of the gas mass
Mgas within r500: We have r500 / M

1/3
500 . If M500 / T

3/2
X

upon a change in TX, then r500/ (T 3/2
X )1/3=T

1/2
X . Because

Mgas(< r) increases linearly with r in a given cluster3 it

follows Mgas,500 / T
1/2
X upon a change in TX. Indeed, we

measure Mgas,500 to be a↵ected as q0.5 to q0.6 by a relative
temperature change q, using the V09a gas density model for
the I14 clusters. Hence, we have YX ! q�YX with an expo-
nent �⇡1.5.

We assume we can use the temperature ratio q at a
typical TXMM and ignore its TXMM dependence.4 Then, the
temperature calibrations a↵ects Eq. (5) like:

q�YX/
⇥
q�MHE

500

⇤� , YX/q����
⇥
MHE

500

⇤�
. (6)

This means that for a (residual, unaccounted) temperature
bias q, the mass proxy MYX

500 will be biased by a factor q���� .
The main P13XX scaling relation

E�2/3(z)


D2

AYSZ,500

10�4 Mpc2

�
= 10A ·


MYX

500

6 · 1014 M�

�↵

(7)

relates the masses MYX
500 to Y500 instead of YX, with DA de-

noting the angular diameter distance. However, YX is the-
oretically expected to be proportional to YSZ, so we can
identify ↵=� and find a modified Eq. (7):

E�2/3(z)


D2

AYSZ,500

10�4 Mpc2

�
= 10Aq↵��� ·


MYX

500

6 · 1014 M�

�↵

. (8)

Given a bias factor q in the ICM temperatures, the calibra-
tion scaling relation will be o↵set by a factor C=q↵��� .

The properties of the local, relaxed galaxy clusters from
which Arnaud et al. (2010) calibrated Eq. (5) are given in
Arnaud, Pointecouteau & Pratt (2007); Pratt et al. (2010).
We measure an average kBTXMM ⇡ 5 ± 2 keV for the clus-
ters implicated to constitute the calibration sample. Follow-
ing Eq. (3), the S14 conversion for the combined XMM-
Newton instruments, Chandra temperatures for these clus-
ters would be lower by a factor of q=0.84+0.05

�0.03. With ↵=1.79

3 If the cluster is isothermal, and ⇢gas / r�2, as motivated by
assuming the standard �=2/3 in the � model for the gas density
(Cavaliere & Fusco-Femiano 1978), then the 3D mass within a

radius R is M(<R)=
R R

0
⇢gas(r) dV /

R R

0
r�2 r2 dr=R.

4 In principle, the TXMM-dependence should be considered. This
would alter the slope � in Eq. (5). While making an interesting
point, this would complicate this consideration of an extreme case.

c� 2014 RAS, MNRAS 000, 1–7
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Cluster mass bias from Chandra, XMM, & Planck 5

Ettori (2014) demonstrate, intrinsic scatter in the abscissa
mass leads to a mass-dependent bias when compared to an
independent mass observable.

We repeat our analysis excluding the Chandra time-
stamp variations (Sect. 2.3) and arrive at a lower apparent
bias compared to including them: blog = �0.06+0.15

�0.13 (Ta-
ble 1). The di↵erence between those two cases may serve
as an estimate for the systematic uncertainties in the obser-
vatory conversions.

Considering the full mass range, the XMM-Newton hy-
drostatic masses are ⇠ 20 % lower than the WL masses,
while Chandra masses are consistent with the WL masses.
This indicates that if the blin = 0.2 linear hydrostatic bias
in cluster simulations is correct, the e↵ective area calibra-
tion of XMM-Newton is consistent with being correct. But
if looking at the high mass end, the conclusion is the oppo-
site: Chandra is consistent with the correct calibration and
20 % hydro bias. The measurement uncertainties and the
unknown amount of Eddington bias in our small sample,
however, preclude more quantitative conclusions.

3 TRANSLATION TO PLANCK CLUSTERS

3.1 Comparison to Planck and vdL14 samples

The mean WL mass of the I14 clusters is 3.2 · 1014 M�,
while the mean WL mass of the high-mass sub-sample is
4.9 · 1014 M�. The typical P13XX cluster mass, defined by
their mass pivot ⇠ 6 · 1014 M�, falls into the mass range
probed by the I14 high-Mwl range, even although the mass
bias is not included. Therefore, for the relevant P13XX
mass range,our result of blog,H = 0.20+0.17

�0.16 agrees with the
1�blin ⇡ 0.4 that would reconcile cosmological constraints
derived from Planck cluster counts (P13XX) and primary
CMB anisotropies (P13XVI).
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the vdL14 sample. Using the Mxmm
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stead of Chandra masses, we also find better agreement to
the vdL14 measurement of hMPl/Mwli = 0.688 ± 0.072 for
a subset of P13XX clusters. However, such comparisons are
limited by the small number statistics of our sample, hence
caution is necessary when interpreting these results.2

A first complication is that it has not been made pub-
lic which XMM-Newton instruments were considered in the
P13XXIX calibration. Another complication arises from the
temporal variability of X-ray calibrations. Our results for the
cases with and without timestamp correction (Table 1) tell
us, however, that the impact of those systematics is rather
small, with �blin.0.05.
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influenced the P13XX results?

We attempt to estimate how an additional bias bxcallin arising
from the XMM-Newton calibration relative to Chandra will
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the one hand (flat universe with matter density ⌦m = 0.3 and
Hubble parameter H0=70 km s�1 Mpc�1) and I14 and this work
the other hand (the same, but H0 = 72 km s�1 Mpc�1) adds a
factor of 70/72 to convert Planck masses to our cosmology.
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Cluster mass bias from Chandra, XMM, & Planck 5

Ettori (2014) demonstrate, intrinsic scatter in the abscissa
mass leads to a mass-dependent bias when compared to an
independent mass observable.

We repeat our analysis excluding the Chandra time-
stamp variations (Sect. 2.3) and arrive at a lower apparent
bias compared to including them: blog = �0.06+0.15

�0.13 (Ta-
ble 1). The di↵erence between those two cases may serve
as an estimate for the systematic uncertainties in the obser-
vatory conversions.

Considering the full mass range, the XMM-Newton hy-
drostatic masses are ⇠ 20 % lower than the WL masses,
while Chandra masses are consistent with the WL masses.
This indicates that if the blin = 0.2 linear hydrostatic bias
in cluster simulations is correct, the e↵ective area calibra-
tion of XMM-Newton is consistent with being correct. But
if looking at the high mass end, the conclusion is the oppo-
site: Chandra is consistent with the correct calibration and
20 % hydro bias. The measurement uncertainties and the
unknown amount of Eddington bias in our small sample,
however, preclude more quantitative conclusions.
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3.1 Comparison to Planck and vdL14 samples

The mean WL mass of the I14 clusters is 3.2 · 1014 M�,
while the mean WL mass of the high-mass sub-sample is
4.9 · 1014 M�. The typical P13XX cluster mass, defined by
their mass pivot ⇠ 6 · 1014 M�, falls into the mass range
probed by the I14 high-Mwl range, even although the mass
bias is not included. Therefore, for the relevant P13XX
mass range,our result of blog,H = 0.20+0.17

�0.16 agrees with the
1�blin ⇡ 0.4 that would reconcile cosmological constraints
derived from Planck cluster counts (P13XX) and primary
CMB anisotropies (P13XVI).

The high-mass end of the I14 sample also overlaps with
the vdL14 sample. Using the Mxmm

500 for the I14 clusters in-
stead of Chandra masses, we also find better agreement to
the vdL14 measurement of hMPl/Mwli = 0.688 ± 0.072 for
a subset of P13XX clusters. However, such comparisons are
limited by the small number statistics of our sample, hence
caution is necessary when interpreting these results.2

A first complication is that it has not been made pub-
lic which XMM-Newton instruments were considered in the
P13XXIX calibration. Another complication arises from the
temporal variability of X-ray calibrations. Our results for the
cases with and without timestamp correction (Table 1) tell
us, however, that the impact of those systematics is rather
small, with �blin.0.05.

3.2 How much can X-ray calibration bias have
influenced the P13XX results?

We attempt to estimate how an additional bias bxcallin arising
from the XMM-Newton calibration relative to Chandra will

2 The di↵erence in cosmologies between P13XX and vdL14 on
the one hand (flat universe with matter density ⌦m = 0.3 and
Hubble parameter H0=70 km s�1 Mpc�1) and I14 and this work
the other hand (the same, but H0 = 72 km s�1 Mpc�1) adds a
factor of 70/72 to convert Planck masses to our cosmology.

influence the overall bias measured by P13XX. We empha-
sise that we do not know or assume which, if any, satellite
calibration is correct. The “pre-calibration” from 20 relaxed
clusters (Arnaud et al. 2010) determines the normalisation
10B and slope � of a scaling relation

E�2/3(z)


YX

2 · 1014 M� keV

�
= 10B ·


MHE

500

6 · 1014 M�

��

(5)

between the YX and hydrostatic masses MHE
500 measured with

XMM-Newton. The evolution factor E(z) =H(z)/H(z=0)
depends on cosmology via the Hubble parameter H(z).

In Eq. (5), MHE
500 scales roughly as T 3/2

X (e.g., Kay et al.
2012), through the measurement at r500. If q=TXMM/TCXO

for the typical Arnaud et al. (2010) cluster, hydrostatic
masses are biased MHE

500 ! q�MHE
500, with � ⇡ 1.5. Similarly,

YX depends on TX via the measurement of the gas mass
Mgas within r500: We have r500 / M

1/3
500 . If M500 / T

3/2
X

upon a change in TX, then r500/ (T 3/2
X )1/3=T

1/2
X . Because

Mgas(< r) increases linearly with r in a given cluster3 it

follows Mgas,500 / T
1/2
X upon a change in TX. Indeed, we

measure Mgas,500 to be a↵ected as q0.5 to q0.6 by a relative
temperature change q, using the V09a gas density model for
the I14 clusters. Hence, we have YX ! q�YX with an expo-
nent �⇡1.5.

We assume we can use the temperature ratio q at a
typical TXMM and ignore its TXMM dependence.4 Then, the
temperature calibrations a↵ects Eq. (5) like:

q�YX/
⇥
q�MHE

500

⇤� , YX/q����
⇥
MHE

500

⇤�
. (6)

This means that for a (residual, unaccounted) temperature
bias q, the mass proxy MYX

500 will be biased by a factor q���� .
The main P13XX scaling relation

E�2/3(z)


D2

AYSZ,500

10�4 Mpc2

�
= 10A ·


MYX

500

6 · 1014 M�

�↵

(7)

relates the masses MYX
500 to Y500 instead of YX, with DA de-

noting the angular diameter distance. However, YX is the-
oretically expected to be proportional to YSZ, so we can
identify ↵=� and find a modified Eq. (7):

E�2/3(z)


D2

AYSZ,500

10�4 Mpc2

�
= 10Aq↵��� ·


MYX

500

6 · 1014 M�

�↵

. (8)

Given a bias factor q in the ICM temperatures, the calibra-
tion scaling relation will be o↵set by a factor C=q↵��� .

The properties of the local, relaxed galaxy clusters from
which Arnaud et al. (2010) calibrated Eq. (5) are given in
Arnaud, Pointecouteau & Pratt (2007); Pratt et al. (2010).
We measure an average kBTXMM ⇡ 5 ± 2 keV for the clus-
ters implicated to constitute the calibration sample. Follow-
ing Eq. (3), the S14 conversion for the combined XMM-
Newton instruments, Chandra temperatures for these clus-
ters would be lower by a factor of q=0.84+0.05

�0.03. With ↵=1.79

3 If the cluster is isothermal, and ⇢gas / r�2, as motivated by
assuming the standard �=2/3 in the � model for the gas density
(Cavaliere & Fusco-Femiano 1978), then the 3D mass within a

radius R is M(<R)=
R R

0
⇢gas(r) dV /

R R

0
r�2 r2 dr=R.

4 In principle, the TXMM-dependence should be considered. This
would alter the slope � in Eq. (5). While making an interesting
point, this would complicate this consideration of an extreme case.
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from P13XX, � = 3/2, and � = 3/2 (see above), we find
the normalisation of Eq. (7) to be reduced by a factor of
C = q1.185 = 0.81+0.06

�0.03. If we allow for broad uncertainties
1.3 < �, � < 1.8, a temperature bias q will propagate as
C⇡q0.5 to C⇡q2.0 in the extreme cases.

The exact algorithm by which P13XXIX combine
Planck measurements with Eq. (7) has yet to be published.

However, using ✓500=
�
3M500/[4⇡⇢cD

3
A]
�1/3

, one can easily
convert Eq. (7) into a scaling relation in terms of an aperture
scale ✓500, i.e.: YSZ / ✓3↵500. The intersection of this relation
with the size–flux degeneracy modelled as Y obs

SZ / ✓� yields
a point (✓⇥,Y⇥), that can in turn be used to compute an
SZ mass MPl / ✓3⇥. Thus, the degeneracy is broken. How
is this MPl a↵ected if the normalisation of Eq. (7) changes
by a factor C? We geometrically infer the changes in the
intersection point and final mass as:

log (Y 0
⇥/Y⇥) = [��/(��3↵)] · logC (9)

logCfin=log (M 0
Pl/MPl) = [�3↵�/(��3↵)] · logC. (10)

From Fig. 4 of P13XXIX, we read that the Y obs
SZ –✓ rela-

tion is linear, so �=1. With C =0.81+0.05
�0.03 from above, we

find that cluster masses would be biased low by a factor
Cfin = 0.78+0.07

�0.04 due to the temperature calibration. Thus,
if the Chandra calibration was correct, the need for a hy-
drostatic mass bias of more than the ⇠ 20 % favoured by
simiulations would be eased. Alternatively, if the XMM-
Newton calibration was correct, evidence for stronger de-
partures from hydrostatic equilibrium would persist.

We note that the “hydrostatic” bias blin that P13XX
consider is meant to include instrument calibration e↵ects:
1�blin=(1�bhydlin )(1�bxcallin )⇡(1�bhydlin �bxcallin ). Nevertheless even
a partially unaccounted calibration bias would contribute
some of the apparent mass discrepancy. The point of this
exercise lies not in suggesting that the Planck discrepancy
is caused by the X-ray calibration. Rather it should serve to
demonstrate how such e↵ects can not only fold through but
even become amplified in a multi-step calibration.

3.3 Summary and Outlook

Starting from the recent Schellenberger et al. (2014) com-
parative study of ICM temperatures measured with Chan-
dra and XMM-Newton, we revisit the bias between WL and
hydrostatic masses from Israel et al. (2014). We find:

1. Because of di↵erent uncertainties in the e↵ective area
calibration, hydrostatic masses for the I14 clusters would
have been measured to be ⇠15–20 % lower, had the clusters
been observed with XMM-Newton instead of Chandra. The
measured calibration bias depends on the sample, but can
be transferred to clusters of similar mass (1014–1015 M�).
2. XMM-Newton masses for the most massive I14 clusters

are lower than WL masses by ⇠35 %.
3. Assuming a true hydrostatic bias of bhydlin = 0.2, our re-

sults for the whole mass range indicate that the calibration
of the energy dependence of the e↵ective area of the XMM-
Newton EPIC instruments in the 0.6–10.0 keV band is rather
accurate. In the high mass range the data however indicate
that Chandra calibration is more accurate. Given the uncer-
tainties these results are not significant.

In addition, we consider the Planck clusters and find:

4. Hence, consistent with vdL14, a bias of (1�bhydlin �bxcallin )⇡
0.4 for the rather massive P13XX clusters seems plausible.
5. If there was a residual calibration bias q in the TXMM

measurements on which the Planck analysis is based, the
normalisation of the P13XX YSZ–M

YX calibration would be
a↵ected as C=q⇠1.2.
6. Using a simple model for how this normalisation a↵ects

SZ masses, we show how the mass bias can be further ampli-
fied. Without account for calibration uncertainties, a mass
bias of up to 30 % is plausible. We do not claim that this is
the case for Planck. However, a small, residual bias would
amplify in the same way. Pointing to the S14 result that
calibration alone cannot explain the discrepant cosmologi-
cal parameters of P13XVI and P13XXIX, we conclude that
a possible contribution would ease the discrepancy and allow
for a true hydrostatic bias consistent with simulations.

Our results are consistent with the WL/X-ray mass bi-
ases recently reported by Donahue et al. (2014), compar-
ing CLASH WL mass profiles to those obtained with Chan-
dra and XMM-Newton. Donahue et al. (2014) found their
TXMM/TCXO and MXMM/MWL to depend on the integra-
tion radius; suggesting soft X-ray scattering as a cause for
the calibration o↵set. Donahue et al. (2014) study mostly
cool core clusters. Since S14 find that the TX bias depends
on TX, this could explain why they find less bias in the cooler
centres. The radial dependence could at least partly be due
to a secondary correlation: at the radius where the cluster
temperature is typically hottest, the largest discrepancy be-
tween Chandra and XMM-Newton is found.

Cluster mass calibrations still bear considerable uncer-
tainties not only between the main techniques (X-ray, lens-
ing, SZ, galaxy-based), but also within techniques, i.e for dif-
ferent instruments and calibration and methods. Thorough
cross-calibration of di↵erent instruments and techniques,
as already performed by Nevalainen, David & Guainazzi
(2010); Schellenberger et al. (2014); Rozo et al. (2014b,a) for
X-rays are the necessary way forward. Recent comparisons
of WL masses to both XMM-Newton and Chandra include
Mahdavi et al. (2013); Donahue et al. (2014), and Martino
et al. (2014). We notice that Martino et al. (2014) find tem-
perature discrepancies between XMM-Newton and Chandra
similar to S14, but consistent hydrostatic masses from both
satellites. More overlap between clusters with X-ray and WL
data would be necessary to define mass standards against
which other surveys could then be gauged.

Recently, Sereno & Ettori (2014); Sereno, Ettori &
Moscardini (2014) compared several of the larger current
WL and XMM-Newton and Chandra X-ray samples, em-
phasising how intrinsic and measurement scatter can induce
scaling relation biases. Sereno & Ettori (2014) confirm that
compared to simulated clusters WL masses are biased low
by ⇠ 10 % and hydrostatic masses by ⇠ 20–30 %. How-
ever, these authors find literature masses from the same ob-
servable, X-ray or WL, can di↵er up to 40 % for the same
cluster, impeding an absolute calibration. Sereno, Ettori &
Moscardini (2014) extend the analysis to the Planck clus-
ters, whose absolute mass calibration is likewise a↵ected.
They find scatter in the calibration scaling relation to in-
voke a mass-dependent bias in the Planck masses.

The advent of larger SZ samples for scaling relation
studies (e.g., Bender et al. 2014; Czakon et al. 2014; Liu
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q = TXMM/TChandra = 0.84 
è Factor of C= q^(βδ-γ) = 0.81 in calibration Eq. 
è Factor of Cfin = 0.78 in Planck masses 



WL masses have larger scatter, too – 
and Eddington bias affects slopes 
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Table 4. Comparison of HE masses from independent analyses. For the CCCP-HE sample, we considered masses within rHE
500. Entries are as in Table 2.

CCCP-HE CLASH-XMM CLASH-CXO L13 B12

(11) (3) (3) (11) (6)
E10 0.22(±0.08) ⇠ 0.17 ⇠ �0.15 0.35(±0.14) 0.25(±0.10)

±0.28(±0.11) ±(⇠)0.06 ±(⇠)0.28 ±0.30(±0.09) ±0.19(±0.08)

(5) (6) (18) (5)
CCCP-HE — 0.03(±0.21) �0.38(±0.14) 0.12(±0.07) 0.24(±0.22)

±0.29(±0.16) ±0.34(±0.21) ±0.33(±0.14) ±0.35(±0.17)

(18) (2) (10)
CLASH-XMM — — �0.38(±0.09) ⇠ �0.05 0.14(±0.15)

±0.35(±0.10) ±(⇠)0.18 ±0.46(±0.30)

(4) (12)
CLASH-CXO — — — ⇠ 0.31 0.45(±0.14)

±(⇠)0.01 ±0.37(±0.13)

(4)
L13 — — — — ⇠ 0.03

±(⇠)0.06
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Figure 3. Masses in the RA12 sample. Top panel: WL mass vs. HE mass.
Clusters are grouped in four bins in true mass (black points). Lower panel:
bias of the proxy as a function of the true mass. Black (blue) points corre-
spond to the bias of the WL (HE) mass. The solid error-bars denote the 1-�
uncertainties for the the central estimate. The dashed error-bars denote the
dispersion. All masses are computed within rTr

500.

niques, whose associated variance is negligible with respect to the
statistical uncertainty.

Larger variations are mainly related to different data-sets, see
Table 4. Discrepancies of order of & 30 per cent may be in place.
This may be the case for results based on Chandra (CLASH-CXO,
B12, L13) versus XMM analyses (E10, CLASH-XMM), whose
temperature estimates may disagree at large radii (Donahue et al.
2014).

Each method/analysis may systematically either under o over-
estimate the cluster mass. X-ray masses in the CLASH sample
based on Chandra (XMM) data are systematically larger (smaller)
than other estimates. On the other hand, masses from B12 and L13
are lower than other samples.

A significant role can be played by additional data-sets ex-
ploited in the analysis. The inclusion of SZ data, which are more
sensitive to the outer regions, might lower the mass values in B12.

The large differences in estimated masses and the large scat-
ters suggest that quoted formal statistical uncertainties in HE
masses, usually of the order of ⇠10–15 per cent, might be under-
estimated.

5 REGRESSION RESULTS

We measured biases and intrinsic scatters of WL and HE masses
through the statistical model detailed in Sec. 2. To simplify the
analysis, we assumed that the lensing and the hydrostatic masses
scale linearly with the true mass, �WL = 1 and �HE = 1.

The true masses are known only in simulations. For ob-
served samples, we could estimate only the relative bias between
WL and HE masses and we fixed ↵WL = 0. The effective bias
MHE,WL/MTr can be defined as exp(↵HE,WL). The relative bias
MHE/MWL can be defined as exp(↵HE �↵WL). Bias and scatter
are largely uncorrelated. We tested that results do not change if we
consider ↵HE = 0 rather than ↵WL = 0.

The intrinsic distribution of the independent variable, lnMTr,
was approximated with a Gaussian function of mean µ and stan-
dard deviation ⌧ , as suitable for flux selected samples of rich clus-
ters (Andreon & Bergé 2012; Sereno, Ettori & Moscardini 2014).
We tested that results based on more complex distributions, such

c� 0000 RAS, MNRAS 000, 000–000
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Figure 4. Comparison of WL and HE masses for the RA12 sample. Masses are measured within rTr
500, the over-density radius related to the true mass. In the

left (right) panels, clusters are grouped in 4 bins according to their measured WL (HE) mass. Green points mark the results for the clusters simulated according
to the analytical model discussed in the paper. Top left panel: MWL

500 vs. MHE
500 . Black points marks clusters binned in MWL

500 . Errors bars for the binned points
plot the dispersion around the central value. Bottom left: logarithm of MHE

500/M
WL
500 as a function of MWL

500 . The solid error-bars denote the 1-� uncertainties
for the the central estimate. The dashed error-bars denote the dispersion. Top right panel: MHE

500 vs. MWL
500 . Black points marks clusters binned in MHE

500 .
Bottom right: logarithm of MHE

500/M
WL
500 as a function of MHE

500 .

Table 6. Biases and intrinsic scatters of the WL and the HE mass. Col. 1: sample; col. 2: number of clusters in the sample, Ncl; cols. 3, 4: radius within which
the WL lensing and the HE mass were computed; col. 5: effective ratio between the true mass and the WL mass; the WL mass is assumed to be an unbiased
proxy; col. 6: intrinsic scatter on lnMWL

500 /MTr
500; cols. 7, 8: effective ratio MHE

500/M
Tr
500 and intrinsic scatter (as in col. 6). Quoted values are bi-weight

estimators of the posterior probability distribution.

Sample Ncl rWL rHE MWL
500 /MTr

500 �WL MHE
500/M

Tr
500 �HE

RA12 60 rTr
500 rTr

500 1 0.14± 0.04 0.75± 0.03 0.13± 0.04

CCCP 50 rWL
500 rWL

500 1 0.14± 0.06 0.85± 0.05 0.24± 0.07

CCCP-Cool Core 16 rWL
500 rWL

500 1 0.18± 0.10 0.93± 0.11 0.24± 0.12

CCCP-Low Offset 20 rWL
500 rWL

500 1 0.18± 0.10 0.82± 0.09 0.30± 0.11

CCCP 50 rWL
500 rHE

500 1 0.20± 0.09 0.81± 0.07 0.45± 0.07

CLASH-CXO 20 rWL
500 rHE

500 1 0.17± 0.09 0.78± 0.09 0.34± 0.12

CLASH-CXO-Cool Core 9 rWL
500 rHE

500 1 0.22± 0.14 0.77± 0.14 0.31± 0.17

CLASH-CXO-Low Offset 8 rWL
500 rHE

500 1 0.31± 0.17 0.70± 0.15 0.34± 0.17

CLASH-XMM 16 rWL
500 rHE

500 1 0.17± 0.10 0.56± 0.08 0.45± 0.14

WTG-L13 14 rWL
500 rHE

500 1 0.32± 0.14 0.64± 0.09 0.16± 0.08

WTG-B12 14 rWL
500 rHE

500 1 0.19± 0.12 0.47± 0.07 0.34± 0.15
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Conclusions 

 

•  Hydrostatic mass bias  of ~40% instead of ~20% favoured from simulations 

suggested to reconcile Planck cluster number counts and CMB. 

•  HI+14 find no >20% mass bias, using Chandra and less massive clusters. 

•  Schellenberger+14 confirm strong instrument-dependence of measured 

ICM temperatures. 

•  Converting Chandra masses to XMM, HSE masses decrease by ~20 % 

•  Comparing WL and pseudo-XMM hydrostatic masses for the 400d clusters, 

we find ~-5% for low mass clusters, ~35% for high-mass clusters. 

•  A combination of slightly higher mass bias than expected and X-ray 

calibration issues might contiibute to Planck discrepancy. 
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